An ongoing research project involving structural identification of the Commodore Barry Bridge, a major long-span truss bridge over the Delaware River, is described. Structural identification is an approach in which a constructed facility and its loading environment are objectively characterized by field observations, measurements, and controlled experiments in conjunction with an analytical model. This process is a necessary precursor to performing health monitoring of the bridge. Long-span bridges have attributes that make utilization of experimental and analytical techniques on them quite different than for short-span bridges. The concept of structural identification and the methods used in applying it to a long-span bridge are presented and discussed. The structural characteristics of the bridge are described and conceptualized. Development of the three-dimensional analytical model and the model characteristics are summarized. Static and dynamic analyses are conducted to help locate anomalies and errors in the model. The experimental techniques necessary for structural identification of a long-span bridge are defined. A limited-scale health-monitoring system, which integrates operational data with structural performance and loading environment data, was designed and installed on the bridge. Mechanical and electrical characteristics of the monitor system and issues related to management of the data from this system are discussed. The monitoring system currently has over 80 channels of different sensor types collecting various data from the bridge. In addition, data from the system can be viewed from a remote location in real time.
Bridges with span lengths of 500 m or longer may be considered long-span structures and are typically designed with cable-supported structural systems (1) . There are also numerous bridges with noncable structural systems, such as through-truss bridges, that may be considered within the realm of these long-span bridges. The authors had an opportunity to conduct a research study on the Commodore Barry Bridge (CBB), which is one of the longest cantilever-truss bridges in the United States. This bridge, which opened to traffic in 1974, crosses the Delaware River between Chester, Pennsylvania, and Bridgeport, New Jersey. Various photographs of the bridge, which is owned and operated by the Delaware River Port Authority of Pennsylvania and New Jersey (DRPA), are presented in Figure 1 .
Although the authors have been conducting field research on short-and medium-span bridges for many years, the CBB is the first long-span structure they had the opportunity to investigate. Longspan bridges have attributes that make them significantly different from short-span bridges with respect to testing, including (a) the higher ratio of dead-load demands relative to live-load demands; (b) the significance of wind loads; (c) their sheer size and the fact that they are generally over water makes access for inspection, instrumentation, and testing of these bridges very difficult; (d ) their low global response frequencies (less than 1 Hz) and the magnitude of their mass makes modal analysis by controlled input unfeasible; (e) structural, substructural, ancillary, supports, continuity, and movement systems are large and complex. Moreover, many experimental techniques that have been successful for structural identification of short-and medium-span bridges cannot simply be scaled up for application to long-span bridges. Hence, there is a real shortage of data, information, and expertise in experimental measurements of long-span bridges.
Long-span bridges represent major investments relative to shortspan bridges. The replacement cost of a long-span bridge typically is equivalent to the replacement cost of several thousand short-span bridges. The average annual routine maintenance costs of an aging long-span bridge may easily exceed $10 million and a major rehabilitation or retrofit project such as a deck replacement may exceed $25 million. The recent repair and retrofit efforts for the Golden Gate and San Francisco-Oakland Bay Bridges in northern California are good examples of the effect of long-span bridge performance on a region's economy and further illustrate the magnitude of cost required to ensure their performance even after a disaster.
It follows that the payoff potential for research on knowledge and technologies, which promise improved operational performance, reduced life-cycle maintenance cost, and effective rehabilitation and retrofits, is substantial. Many long-span bridges generate toll income, which provides both incentive and funding mechanisms for sponsoring research, development, and demonstrations that promise improved assessment of condition and performance as well as opportunities for improved management.
OBJECTIVE AND SCOPE
The authors have been working on the CBB for over a year for the purpose of conducting structural identification of the bridge. Structural identification is an innovative approach in which a constructed facility and its loading environment are objectively characterized by field observations, measurements, and controlled experiments in conjunction with an analytical model of the structure being investigated.
This approach is innovative in that it goes beyond traditional reliance on subjective visual inspection data or simplified models alone for condition assessment and performance evaluation of a structure. For example, structural ratings calculated based on condition data from visual inspection and using idealized analytical models are generally very conservative. In most cases, it has been impossible to reconcile these analytical ratings with the actual loading environment and structural performance as determined by field testing (2) . Structural identification can permit the evaluation process to incorporate objective condition and performance data of the structure in its as-is state, at both global and local levels, and permit more reliable analytical simulation, thereby enabling more objective and realistic decisions. Further, it is plausible that these data may be used to continuously track and evaluate various forms of damage, such as freezing of bearings or crack growth at the local levels to changes in force distribution or member response at the global level. It is important to note that various challenges as well as technology and fundamental knowledge needs remain ( Figure 2 ) related to structural identification of constructed facilities.
The primary objective of this report is to present and describe the context in which the structural identification concept is being applied to the CBB. Figure 3 illustrates the basic concept of structural and loading systems identification. This procedure provides for optimal integration of experimental, analytical, and information system components. The outcome of this process is a field-calibrated analytical model that enables reliable simulations of structural response to a variety of loading effects; the effects of possible operation, maintenance, and retrofit scenarios; and the consequences related to poor performance of movement and bearing systems. Such a validated model provides an invaluable platform for objective operational-and engineering-related decisions.
A fundamental component of structural identification is measurement and acquisition of experimental data from the structure and its environment. In the case of long-span bridges, the experimental demands are particularly significant. A broad spectrum of experimental tools is required. A long-term health-monitoring system provides an optimal platform for integrating a large number of these tools.
Although demanding significant investment, such a monitoring system provides invaluable opportunities for integrating operational and maintenance management. For example, in addition to continuously assessing the structure's global condition and engineering performance at the serviceability limit states, operational features such as regulating usage as influenced by traffic volume, inclement weather conditions, incident response, and automated weight-based toll assessment may be incorporated in the monitoring system. Clearly, integrated operational and structural monitoring represents considerable synergy relative to a disconnected approach to operational management [such as intelligent transportation system (ITS)] and traditional maintenance management techniques.
STRUCTURAL IDENTIFICATION OF THE CBB

Conceptualization of the Structural Systems
The primary step in conducting structural identification is to accurately conceptualize the structural systems. This is accomplished mainly by three-dimensional (3D) computer-assisted drafting (CAD) and solid modeling of the structure, photographs, and heuristics and is critical for subsequent steps of the process as indicated in Figure 3 . Figure 1 presents, with CAD drawings and photographs, the basic characteristics of the structural systems. The primary structural system is composed of a series of simple-span steel stringer and deck truss approaches and a single cantilevered through-truss structure. The length of the bridge from abutment to abutment is 13,912 ft (4243.16 m). The through-truss structure contains two anchor spans The primary bearing systems for the structure are also presented in Figure 1 . Rocker bearings that accommodate longitudinal movements while preventing vertical uplift are utilized at the extremities of the through-truss spans. Fixed bearings are used at the tower connections with the reinforced concrete piers.
The principal structural system of the through-truss spans is a pair of trusses that utilize box sections for the chords and a mixture of box and I-sections for the verticals and diagonals. Lateral bracing is provided to the trusses by K-bracing at the top chord level, by plate girder floorbeams and latticed K-bracing at the lower chord level (Figure 1) , and by portal (inclined) and sway (vertical) frames located at various panel points throughout the spans.
The floor system is composed of an 8-in. (203.2-mm)-thick reinforced concrete deck that is composite with the underlying stringers. The stringers are continuous in four-and five-span increments and are supported on plate girder floorbeams spanning between the two primary trusses. As indicated in Figure 1 , intermediate stringer bearings are designed to isolate the floorbeams from longitudinal movements associated with the stringers.
The suspended span is connected to the cantilevered arms by vertical hangers that are pinned at their upper and lower extremities. At one end of the suspended span, longitudinal movement relative to the cantilevered arm is provided by a three-hinged wind linkage (roller). At the other end, detailing of the wind linkage system prevents relative longitudinal movement (pinned) between the cantilevered arm and the suspended span. Zero-force (dummy) chord members are located at the upper chord transition from the cantilevered arms to the suspended span. The lower chord members at the transition region accommodate relative longitudinal chord movements of the cantilevered arms and the suspended span through the sliding pin mechanism presented in Figure 1 .
In addition to the primary systems, numerous ancillary systems are located throughout the structure. Some of the major ones include maintenance walkways at and below the floor system level, railing and barrier systems, traffic sign and signal gantries, and access elevators in the towers.
Analytical Modeling
After visualizing and conceptualizing the structural systems of the bridge by studying its design calculations and plans, shop-drawings, and so forth, the structure was virtually reconstructed by using a 3D solid model in AutoCAD. The authors transformed this solid model into a mixed-element level and finite element analytical model by using importing capabilities of SAP2000.
The analytical model presented in Figure 4 represents each of the structural elements by one corresponding 3D analytical beam element. An initially coarse 7 × 10 ft (2.1 × 3.1 m) mesh of shell elements is used to represent the concrete deck. Boundary and continuity conditions corresponding to the support systems are represented by appropriate linear and rotational springs. Rigid links and constraints are used to faithfully simulate the actual 3D geometry within all connections. Out-of-plane members, sway frames, portal frames, and wind bracing are also incorporated in the model by using 3D analytical beam elements.
FIGURE 4 Preliminary analytical model and correlation of tower ambient vibration test and finite element (FE) analysis (DOF = degrees of freedom).
A major issue in analytical modeling for structural identification of long-span bridges relates to the number of parameters that must be quantified and the overall size of the constructed model. The real bridge is affected by many complex factors and cannot be assumed to behave as symmetric. The initial coarse model of the CBB has approximately 43,000 degrees of freedom and requires several hours to complete an eigenvalue analysis of the first 20 frequencies. The size of the model increases as the measured mechanisms that affect behavior are explicitly incorporated. Clearly, sizable analytical models are an inevitable challenge when properly simulating complex behavior mechanisms inherent in long-span bridges. The authors note that if nonlinear mechanisms are simulated, the challenge becomes much greater.
After construction of the analytical model, a number of error checking steps are implemented to ensure that global behavior and boundary and continuity conditions are correctly represented. The results of both static analyses for various load patterns and eigenvalue analyses help locate possible anomalies and errors in the model. An example for eigenvalue correlation is presented in Figure 4 . The measured fundamental frequency of 0.625 Hz is in reasonable agreement with the corresponding simulated mode shape and frequency of 0.632 Hz. This correlation can be accomplished only after identifying and correcting a considerable number of input errors related to stiffness and mass. Additional steps in parameter identification and model calibration have been extensively discussed (3, 4) . These steps are currently being applied to the analytical model.
DESIGN AND IMPLEMENTATION OF A HEALTH-MONITORING SYSTEM
General Characteristics
A number of experimental procedures necessary for structural identification are presented in Figure 3 . These procedures are classified as those relating to intermittent monitoring of geometry, diagnostic load testing, localized evaluation of materials and nondestructive evaluation, and continuous monitoring. A health-monitoring system represents an optimal platform from which most of these experimental techniques can be integrated for continuous or semicontinuous application to long-span bridges.
Numerous challenges are inherent in designing a health-monitoring system for a long-span bridge. Although it is desirable to instrument every member of a structure to obtain the most reliable measurement of behavior and performance, this is both impractical and unfeasible for long-span bridges. Therefore, a number of strategies must be used in the design of a health-monitoring system so that it is feasible while maintaining the capability to adequately characterize the structure. Further, the design process must be iterative; as knowledge is gained about the fundamental behavior of the structure, additional sensors and their requisite locations are established.
The authors note that the continuous monitoring system must be integrated with diagnostic load testing and localized evaluation technologies to generate data at the necessary global and local levels for the structure. In the case of the CBB, a core global monitoring system with a coarse distribution of permanent sensors was installed and the information was augmented with periodic local tests conducted with a greater concentration of sensors connected to the backbone system. For example, the authors will be performing controlled crawl and stationary loading tests on the bridge with heavy trucks to evaluate critical responses of the floor and truss systems.
The primary design objectives for the CBB monitor system were (a) to establish the global frequencies and mode shapes of the structure, (b) to characterize the wind-and temperature-related inputs to the structure, (c) to characterize traffic-related inputs and responses, (d) to better understand operation of movement mechanisms, (e) to evaluate symmetry or lack of symmetry of structural responses, ( f ) to determine regions requiring more in-depth scrutiny through diagnostic tests, and (g) to determine additional locations requiring continuous monitoring and refinements needed for the initial sensor suite.
In addition to the design objectives, there are numerous constraints that govern the design of a health-monitoring system for a long-span bridge. These include access limitations on the structure for installation and repair of the system, safety requirements during installation and long-term operation, and a harsh operating environment.
Physical (Mechanical and Electrical) Characteristics of the Monitoring System
In the case of the health-monitoring system for the CBB, the first iteration of the monitoring system concentrated sensors within a geometrically symmetric region of the structure. The initial instrumented regions of the structure are presented in Figure 5 . The most critically stressed elements of the principal structural systems and the transition between the cantilevered arm and the suspended span were instrumented.
The monitoring system for this bridge was designed to operate in two primary modes. The first mode of operation is a continuous slow-speed scan (1 Hz) of wind speed, image, strain, and temperature at the instrumented locations. The second mode is a triggered high-speed scan (75 Hz) of strain and accelerations. Individual sensor characteristics render some sensors more suitable for the first mode of operation than the second mode and vice versa. These characteristics include dynamic range and sensitivity, linearity and resolution, susceptibility to drift, temperature compensation, maximum scanning speed, and so forth. As indicated in Figure 5 , the monitoring system integrates a broad spectrum of sensor types to accomplish these goals. Figure 6 presents the basic design and installation attributes of the basic infrastructure required for the monitoring system. A multiwire backbone cabling system was used to link the instrumented locations to a central data acquisition and control system located on one of the piers. The junction boxes and multiwire cable provide flexibility to incorporate additional sensors with minimal field effort. The base system can accommodate a substantial number (hundreds) of additional data channels. Currently the system is used to monitor about 80 channels of data. The authors expect to expand this initial demonstration implementation to the entire structure.
Data Acquisition and Information Management Issues
Figure 7 presents the data acquisition and information management design of the continuous monitor. The principal challenge in data acquisition stems from the necessity of using numerous types of sensors, each of which has different data acquisition and communication hardware and software requirements. For a meaningful temporal, spatial, and phenomenological synchronization of data corresponding to many physical quantities measured at various locations of the bridge, it was important to integrate all the data acquisition and test control functions in one platform. The authors are currently exploring various test initiation and scan intervals and monitoring regimes to optimize the data and information captured by the monitor. For example, wind speed and angle of incidence, spatial variation of wind speed along the bridge, ambient temperatures, bridge temperatures, and long-term accumulations in intrinsic strains due to environmental and intrinsic effects have been tracked continuously since October 1998 at a scan resolution of one reading every 5 min (0.00333 Hz). The traffic-induced strains and accelerations are scanned twice a day during the morning and evening peak periods for 5 min at a 75-Hz scan speed together with the images of traffic. The accelerations due to the ambient vibrations of the structure are monitored three times a day during the morning and evening peak periods and at midnight at 75 Hz. In this manner, the optimum compromise between quality, content, and quantity of data that must be handled by the monitor and then evaluated is being explored. Meanwhile, as additional sensors and systems such as weigh in motion (WIM) are added to the system, the monitoring schemes will be revisited.
Data acquisition is currently triggered and data are downloaded teleremotely by a modem as indicated in Figure 7 . High-speed download and control through a T1 Internet connection with an appropriate firewall scheme is currently being investigated. The informationmanagement aspects of the monitor are especially challenging, and the authors rely on their computer scientist colleagues for design and operation of the appropriate data postprocessing engines and datawarehousing mechanisms, which are essential for taking full advantage of the monitor. It is important to note that some of the postprocessing must occur in real time or near real time if enhanced operational management is desired from the monitor. For example, integration of wind, temperature, and images in real time are critical for responding to inclement weather conditions and emergencies. At the same time, data for structural identification and health monitoring may be acquired and archived before data fusion, mining, and visualization engines are used for interpretation.
REAL-TIME INTEGRATION OF IMAGE AND DATA
The significant potential in integrating operational and structuralmaintenance management by taking advantage of a continuous monitor has been discussed. Weather conditions, truck-traffic loads, weight-based toll collection, incidents, and engineering inspection or maintenance activity intricately link operations and engineering management. A monitoring system, such as the one described here, offers a unique opportunity to explore integration of operational management and maintenance management, provided that all the electrical, mechanical, structural engineering, and information management aspects have been properly designed and implemented.
In this manner, the usually separated domains of ITS and bridge engineering would be cross-fertilized and integrated, thereby releasing significant synergy. It should be noted that many highway officials are receptive to exploring such integration, because the concept of "integrated asset management" is now widely recognized as the optimum path for transportation systems management. This concept implicitly requires integration of bridge, pavement, and traffic realms under a single platform.
The authors have explored the challenges and opportunities in integrating operation and structural health monitoring with the continuous monitor system. Figure 8 presents a snapshot of a realtime, high-speed data screen from the monitor system on the CBB that integrates image and strain responses from the critical members. The authors will be adding a local WIM system, which will provide real-time data about traffic loads, speeds, and images in conjunction with the corresponding live-load strains at any given time. Such a screen, if properly processed, can provide numerous operational and structural health indices and instantaneously evaluate the effect of any vehicle group on the stress environment at critical members. Figure 9 is a real-time snapshot of a different screen from the monitor that reveals the wind and temperature environment of the bridge. It is possible to add corresponding accumulated intrinsic strains at critical locations to such an image. Real-time scrutiny of such a screen, together with the ability to accumulate location-specific statistical data on wind and temperature is advantageous to both operational and maintenance management perspectives.
The authors continue to explore various possible displays of data and information for management by using a combination of both realtime and archived-legacy data. It is clear that the opportunities in taking advantage of various spatial, temporal, and phenomenological combinations of data and information for optimum management deserve exploration.
CONCLUSIONS
Long-span bridges are major investments of critical economic and societal importance. Structural identification research related to these structures promises substantial benefits, especially when annual routine maintenance costs are considered. However, long- span bridges have attributes that make them quite different from short-span bridges. The authors have been exploring many of the issues involved in the structural identification of the CBB during the past year. To properly conduct structural identification for long-span bridges, a number of requirements must be satisfied. A primary requirement is a complete and accurate visualization of the structure, including conceptualization of primary and secondary structural systems and components. A complete 3D analytical model of the structure must also be constructed. Finally, a proper framework for acquisition and processing of experimental data must be designed and implemented.
A continuous health-monitoring system provides the optimum framework for conducting experimental studies with long-span bridges. The design and implementation of such a system is a major undertaking and there are numerous integration issues that must be considered. There are very few examples of such systems for long-span bridges and more research is required to fully explore the issues related to these systems. This system also represents an exceptional platform for integrating various aspects of the operational and maintenance management of a long-span bridge. Such integration may offer substantially improved capabilities and substantial long-term cost savings to the owners and managers of these bridges.
